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AERONAUTICAL SYMBOLS 
1. FUNDAMENTAL AND DERIVED UNITS 
Metric English 
Symbol 
Unit 'ymbol Unit Symbol 
Length ____ _ l 
t 
F 
O1eter __________ ______ ___ _ m 
s 
kg 
foot (or mile) ________ _ ft. (or mi.) 
sec. (or hr.) 
lb. 
Time ______ _ second __________________ _ second (or hour) ______ _ 
Force _____ _ weight of one kilogram ____ _ weight of one pound __ _ 
PoweL_____ P kg/m/s ___________________ ---------- horsepowcL __________ 1 
Speed ________________ {km/hL___________________ k. p. h . mi./hr. --------- --- --
m/s______________________ 01. p. s. ft. / ec. _____________ _ 
hp 
01. p. h. 
f. p. s. 
2. GENERAL SYMBOLS, ETC. 
W, Weight,=mg 
g, Standard acceleration of gravity = 9.80665 
m/s2=32.1740 ft./sec. 2 
m, Mass = 1f 
, g 
p, D ensity (mass per unit volume). 
Standard density of dry air, 0.12497 (kg_m-4 
S2) at 15° C and 760 rum = 0.002378 (lb.-
ft.- 4 sec. 2). 
Specific weight of "standard" all', 1.2255 
kg/m3 = 0.07651 Ib./ft.3 
mk2, ::'foment of inertia (indicate a.'GS of the 
radius of gyration, k, by proper sub 
script) . 
S, Area. 
Sw, Wing area, etc. 
G, Gap. 
b, Span. 
e, Chord length. 
b/e , A. pect ratio. 
j, Distance from C. G. to elevator hinge. 
/J., Coefficient of viscosity. 
3. AERODYNAMICAL SYMBOLS 
V, True air speed. 
q, Dynamic (or impact) pressure=ip p 
L, Lift, ab olute coefficient OL= :s 
D, Drag, absolute coefficient OD= ~ 
0, Cross-wind force, absolute coefficient 
o 
Oe=qs 
R, Resultant force. (Note that these coeffi-
cients are twice as large as the old co-
efficients Le, Dc.) 
~w, Angle of setting of wings (relative to thrust 
line). 
it, Angle of stabilizer setting with reference to 
thrnf't line. 
,,(, Dihedral angle. 
n 
p - , Reynolds umber, where Z IS a linear 
/J. din1ension. 
e. g., for a model aU'foil 3 in. chord, 100 
mi./hr. normal pres ure, 0° C: 255,000 
and at 15° C., 230,000; 
or for a model of 10 cm chord 40 mis, 
corresponding numbers are 299,000 and 
270,000. 
Op, Center of pressure coefficient (ratio of ' 
distance of C. P. from leading edge to 
chord length) . 
/3, Angle of stabilizer setting with reference 
to lower wing, = (iI-ito). 
a, Angle of attack. 
f' , Angle of downwash. 
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EFFECT OF TURBULENCE IN WIND TUNNEL MEASUREMENTS 
By H. L. Dryden and A. M. Kuethc 
SUMMARY 
This investigation was carried out at the Bureau oj 
Standards at the request oj and with the financial as ist-
ance oj the National Advis01'Y Committee jor Aero-
n(LUtics. The paper gives some quantitative measure-
ment oj wind tunnel turbulence and its effect on the air 
resistance of spheres and airship models, measurement 
made possible by the hot wire anemometer and associated 
apparatus developed at the Bureau of Standards. The 
apparatus in its original form was described in Technical 
Report No. 320 and some modifications are presented in 
an appendix to the present paper. 
One important result of the present work i a curve by 
means of which measurements of the air resistance of 
spheres can be interpreted to give the turbulence quanti-
tatively. Another is the definite proof that the discrep-
ancies in the results on the N. P. L. standa1'd airship 
models are due mainly to differences in the turbulence of 
the wind tunnels in which the tests were made. 
An attempt is made to interpret the observed results in 
terms oj the boundary layer theory and j07' this purpo e a 
brief account is given of the physical bases of this theory 
and oj conceptions that have been obtained by analogy 
with the laws of flow in pipes. 
INTRODUCTION 
Early in the history of wind tunnel measurements it 
became apparent that there were large discrepancies in 
results obtained in different laboratories on some 
models. With improvements in technique, some of 
the discrepancies were removed or explained but there 
has always been a demand on the part of the de igners 
of aircraft that wind tunnels be standardized. It wa 
supposed that by a series of comparative tests, some 
correction factor could be determined by means of 
which measurements in a given wind tunnel could be 
reduced to some standard. 
In March 1920, the British Aeronautical Research 
Oommittee instituted a series of comparative tests to 
be conducted in as many as pos ible of the aerody-
namic laboratories of the world. The purpo e of the 
tests was stated in reference 1 as follows: 
"It was thought that such tests, in which the same 
models would be tested successively by all laboratories, 
would supply valuable information which had not 
previously been available. The aim of wind tunnel 
experimental work is to obtain reliable estimate of the 
force which would be experienced by bodies moving at 
specified speeds through till air of infinite extent; but 
in practice it is necessary to hold the model stationary 
and to generate a flow of air past it and measurements 
made in this way are in some degree open to question 
in that the forces imposed upon the model may be 
affected (1) by the limited extent of the air stream in 
which they arc placed and (2) by the turbulence which 
can never be entirely eliminated. The results mll t 
furthermore depend to some extent upon the methods 
adopted for connecting the models to the mea uring 
apparatus. Different methods are adopted in differ-
ent countries, and wind tunnel. of varying size and 
de ign are employed; thus there i some uncertainty as 
to the extent to which a comparison can be made-
e. g. between different airfoils tested in different coun-
trie -and this uncertainty, it was thought, would be 
reduced if comparative figures were available from 
tests upon the same models." 
The tests are till in progress. They comprise the 
determination of lift, drag, and center of -pressure for 
a standard airfoil model at various angles of attack 
and measurements of the resistance of two streamline 
models at zero angle of yaw. A report (reference 2) 
has been publi hed on the tests of the airfoil model 
carried out in several American laboratories. The 
maximum deviations of hhe results from the mean 
value are of the order of 3 to 5 per cent and it is con-
cluded that the agreement obtained in tests on airfoils 
depend almost entirely on the care used in making 
the tests. 
Io report ha yet been publi hed on tests of the 
airship model but it is known (referencB 3) that 
maximum deviacions from the mean are of the order 
of 50 per cent and that the differences are probably 
ascribable largely to the differences in turbulence 
between the several wind cunnels. It was rather unfor-
tunate that spheres were not included in the program 
of international tests, because pheres are also very 
sensitive to turbulence. 
Most experiments on the effect of turbulence in 
wind tunnel experiments have been qualitative in 
character and in fact in the case of the airship models 
~ 
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the observed effects have been attributed to turbulence 
on the basis of a proces of elimination mther than on 
direct experiment. With the development of appa-
ratus at the Bureau of Standard for the quantitative 
measurement of ~nbulence (reference 4), it became 
possible to study quanti tatiycly the effect of tur-
bulence on the drag coefficient of models. Thi work 
was carried out at the Bureau of Standard with the 
cooperation and financial assistance of the N aLional 
Advisory Committee for Aeronautics. 
BOUNDARY.LAYER THEORY 
The discussion of the experimcnt de cribed in thi 
paper will be phrased in the language of the boundary-
layer theory of Prandtl (reference 5) and as there i no 
one article to which the reader may be referred for the 
neces ary information, it is desirable to state briefly 
the elements of this theory. It is well known t.hat in 
the greater part of the field of flow about any object 
at the Reynolds Number encountered in wind tunnel 
experiments or at greater Reynolds Numbers, the flow 
i approximately irrotational in character, and the 
dissipation of energy i negligible. The experimentally 
observed fact is that so long as we do not enter the 
eddying wake behind the body, the pressure on the open 
end of a tube placed parallel to the flow (which is a 
measure of the total energy per unit volume) remains 
constant throughout the field. The wake, extending 
down tream from the body, in many case has a cross 
section equal to or lightly greater than the cross section 
of the body at the beginning and increases downstream, 
but in other case (ail' hip hull or finely tapered struts) 
the wake is yery small. At least over the up tream 
part of the body, the total-head tube may be brought 
exceedingly clo e to the urface without observing any 
change in its indication. The speed at the surface is 
known to be zero from the e}.lleriments of Stanton 
'and hi coworker (reference 6), yet not far away 
from the surface, the speed is observed to be relatively 
high. These eAllerimenLs indicate that the efl"ect of 
vi cosity (at least over the upstream parts of bodies) 
is confined to a very thin layer. Prandtl's introduc-
tion of this hypothe is, namely, that the field may be 
divided into two regions, in one of which the effect 
of viscosity is negligible led to the so-called boundary-
layer theory. 
It was found by a consideration of the order of 
magnitude of terms in the o-eneral equations of motion 
of a viscous fluid that if such a layer existed, its thick-
ness mu t be of the order of magnitude of the square 
root of the product of kinematic viscosity and the 
distance from the no e divided by the square root of 
the air speed, i. e., for air, if the speed and distance 
from the no e are taken as 1 ft./sec. and 1 foot, respec-
tively, of the order of 0.15 inch. The equations finally 
arrived at for the steady fiow of an incompressible fluid 
in the boundary layer along a 2~dimensional surface 
whose radius of curvature is large as compared with 
the thickness of the layer are as follow 
u ou + v ou = jJ 02U _1. op 
ax ay ay2 pax 
ap =0 
ay 





where u is the tangential component of the velocity, v 
the normal component, x the di tance measured along 
the surface, y the distance measured normal to the 
smface, jJ the kinematic viscosity, and 17 the pressure. 
As boundary conditions we have u=O, v=o at the 
boundary y = 0; u = U, the speed in the potential flow 
at y=o, the outer edge of the layer. Equation (1) 
states that the tano-entia! acceleration of a fluid particle 
is produced by the resultant of the forces due to the 
pressure and the forces due to viscosity. The term 
omitted from the general equation is JI ~:~. Equation 
(3) is the equation of continuity. Equation (2) i 
av 
that for the normal acceleration. The terms u ox' 
ov a2v aZv .. th 1 . 
v ay' jJ axz' jJ oyZ appearmg m e genera equatlOns are 
neglected, being of the second ol:der. Equation (2) 
states that the pre ure does not vary acro s the bound-
ary layer. It is therefore the same as the pressure in 
the potential fiow outside the layer. Hence the pres-
sure on the smface of the body is equal to the pressure 
in the potential flow at the outer edge of the layer. We 
may then compute from the observed pres ure distribu-
tion by means of Bernoulli's theorem the speed at the 
outer edge of the boundary layer and thus obtain all 
of the data necessary for a solution of the boundary 
layer equations. 
The exact solution of the equations of the boundary 
layer (equations I, 2, 3) meets with great difficulties, 
although by great labor a solution can be obtained in 
any numerical case. (Reference 7.) An exact olu-
tion has been obtained by Blasius (references 8 and 9), 
by moans of series developments, for the case of kin 
friction on a thin fiat plate of in6.nite breadth. In 
this case ~; is negligible. The speed u increases 
asymptotically to its limiting value U and hence no 
exact value can be as igned to the thickne of the 
layer. An approximate value is 5.5 ..J;. The drag 
coefficient, namely, the force divided by the product 
of velocity pressure, X p U2 and area of the plate, comes 
out equal to 2.68..J xU' where xis the length of the plate 
in the direction of the stream. The re istance of a 
given plate therefore varies as U 1.5 . 
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In tho present paper we hall have little to do with 
the exact olutions, but we ball attempt to carry the 
discus ion omewhat further by the approAimation 
method developed by Karman and Pohlhausen. 
(Reference 10 and 12.) These approximations are 
based on a new equation, an integral equation, obtained 
as a first in tegral of the cliff erential equations previously 
given or cleriYCd directly from the principle of momen-
tum. Becau e of the importance 01' this equation, 
kno\ n as the Karman integral relation, we shall repeat 
its deriyation. 
The principle of momentum applied to steady 
motion sLates that tbe integral of tbe Dux of momentum 
taken over any cIo ed surface i equal to the 1'e ultant 
of the force acting on the surface. l Let us apply thi 
principle to a section of the houndary layer (Figure 1) 
of thickne 0 and width dx. The rna of fluid enter-
ing per second through a small clement ely in the 
leit boundary of the section is equal to p u dy and the 
momentum per second brought in is p u2 dy. The 
total monwntUnl per s('cond entering through the 
left boundary i therefore i6 p u 2 dy. The momentuDl 
per econd leaving through the section at the right is 
i O p u2 dy+ [~i6 p u~ dy] dx. Some momentum 
enler through the sloping upper boundary whose slope 
exceeds that of the local streamline. To obtain thi 
momentum we note that the total mas per second 
entering at the left is i O p u dy and the total mass per 
second leaving at the right is i 6 pl1 dY+ [!i6 PUclyJ 
dx. The mass per second entering through the sloping 
upper boundary is therefore [:Xio p u dy] dx and since 
thi mas enters with velocity U, the momentum pel' 
econd entering is 
U[tx.r p u dy] dx. 
The time rate of increase of downstream momentum 
within the volume elemont i therefore 
[c~i6 p UZ dY] dx- U[d:i6 p u dy] dx. 
Thi mu t equal the sum of the downstream com- I 
ponents of all the forces acting on the surface of the 1 
clement. The e are po on the left boundary, - [ po 
+ d: (po) dX] on the right, p ~! dx on the upper ~loping 
boundary and - P.(ddu) dx on the lower hOlmdal'Y. 
y v=o 
I A 1lI0re precise statement is as (ollows: If any thed closed SlIr(ace be described 
within a steady strcam o( fluid, the time rute o( increase, within tbe surface, o( 
momentum ill any t(inn rlirerlion i~ equal to the sum o( the componellts in that 
direclion of nil tlte (orces acting on the fluid. If body (orces, stich as weight, are 
absent or negligible. as they are in the present instance, the only forces to be consid-
ered are those acting at the surface, "i" normal (orces due to hydro talic pres ure, 
rm(l tnllgent ial forces due to vis(,Otts !:'hearing. 
(p. i the yi co ity) . The tot.al 1'e ultan t force l S 
therefore - 0 dd~ dx- J..t ( ddU ) dx and Lhe principle of 
X y y=o 
momentum Lates 
d [j'O . ] d [J'o ] d ax 0 p 71 2 dy - U d.x 0 p u dy = - 0 d~ 
(4) 
pdx 
Velocity ~u! -x dO' l- dX dx 
____________________ ___ ,; ____________ -li: 
d 
Ve/ocify U y--+ 
o 
..r d(poJ d p., + - - x d x 
-pO' I I<----dol:' ---.!-----;>i 
--dUd p - :;c 
dy 
--
FIGURE I.-Forces on an eloment o( the bonndary layer 
vVe now introduce a function q uch t hat U= U-q* . 
We find 
d~' [J~o p 112 dyJ = p ! (U20) - 2p d: [ U i6 q dy] 
-t p ct [1° q2 ciY] 
=2p Uo dU + U2dO _2 dU ro d1 dx p dx p dl' J 0 q .v 
- 2 p U :X [i O qdy] + p cfx [iO q2dy] 
-u~~ [lO PUdy]= -PUd:(UO)+pU![J~6 qdy] 
-p 2~! -p U~~ o+p U d: [16 q dy. ] 
H ence 
dU dU[J'6 ] d [J'6 ] P U 0 ell' - 2 p el.r 0 qely - p U dx 0 qdy 
• q is the amount by which the longitudinal speed at any distance v from the 
solid surface is less than the speed o( the (ree steam outside, or the retardation 
dne to the proximity o[ the surface. 
.-~-------- - - --
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By Bernoulli' principle,! (p +~ P U2)= ~~ + p U ~~ 
= 0, and hence the multipliers of 0 on the two sides are 
equal. We have left, dividing by p, the Karman 
integral relation, 
_ 2 dU r
6 
qdy - ui [r6 qdy] + i [ r o q2dy] dx Jo dx Jo dx Jo 
_ v(dq) 
- dy )/=0 (5) 
To use this equation for the development of ap-
proximate solutions, any rea onable assumption is 
made a to the variation of q with y and the integral 
relation is used to give a differential equation for the 
thickness of the boundary layer. For example if we 
make the rough as umption of a linear distribution, 
q= U (l -'1L)we find r Oqdy = Uo, r Oq2dy = U20, (dq) 
° Jo 2 Jo 3 dy v=o 
= - ~ and the equation for ° is found to be 
U2 do 5Uo dU vU 
-6 d-X- - 6- dx =-T 
or (6) 
dU 
20 do + 1002 dx = 12v 
dx U U 
The solution of this equation is readily een to be 
02 = ~~ J "U9dx (7) 
and the force, F", per unit breadth acro s the stream, i 
given by 
1" (du) is (dq) f "Udx F,,= IJ. -d dx = - p. -d dx = p. -~-o y v- o 0 Y )/=0 0 u 
C = ~ ;p r" U6dx 
F U02x Jo -./1 
(9) 
For the case of skin friction on a flat plate, U = con-
stant = Uo. Hence 1 = Uogx 
02 = 12vx 
Uo (10) 
CF=2.46~ JoX (11 ) 
as compared to the exact solution CF=2. 68.J J
oX · 
till closer approximations may be made by assum-
ing that q=a+ by + cy2+ dy3 , etc., determining the 
coefficients by suitably cho en botilldary conditions, 
du for example u= U at y = 0, u=o at y = O, -d- = 0 at y = o, y 
d2u 1 dp 
dy2 =; dx at y = ° from equation (1) . Enough 
boundary conditions are cho en to fix the coefficients 
in terms of 0. The integral relation then gives a 
differential equation from which 0 may be determined 
as a function of x, the distance downstream from the 
nose. The reader is referred to Pohlhausen's paper 
(reference 10) for further examples. 
SEPARATION 
When the pres ure increases downstream, an inter-
esting result is obtained by the use of four or more 
terms in the expression for q. It is found that ~~ 
may vanish and the flow near the wall reverse. The 
fluid particles near the wall are drao-ged along by the 
friction of the neighboring particles but are retarded 
by the pressure. As the boundary layer thickens the 
retarding effect prevails and actually cau e a reversed 
flow. uch reversal entails separation of the flow 
from the surface observed on cylinders, and on 
airfoils at the burble point. The boundary layer 
theory thus accounts for the br~aking away of tho flow 
from the surface and states that the separation i 
determined by the dis ipation of energy occurrmg m 
the boundary layer. 
EDDYING BOUNDARY LAYERS 
The remarks made 0 far apply to boundary layers 
in which the flow is laminar. Experiment lead us to 
believe that the flow is more often eddying 2 as in the 
case of flow in pipes and the laws of laminar motion 
do not apply. The experimental re ult on flow in 
pipes are a surned to apply to the boundary layer. A 
general account of the phenomena in pipe which are 
of interest in thi connection is given by L. Schiller. 
(Reference 13. ) We may di tinguish two value of the 
Reynolds umber (product of mean speed by the 
diameter of the pipe divided by the kinematic vi -
cosity), namely a lower Reynolds umber, below 
which any turbulence initially present is finally damped 
, The word turbulent is commonly used in tbis connection. It is desuable to 
distinguish this turbnlence from the turbulence encountered in wind tunnel air 
streams. The difference is principally in order of magnitude although the tur· 
bulence in a wind·tunnel air stream is imposed by a honeycomb or other meaus on 
the flow from without, whereas eddying flow, as we shall term it, arises from an 
internal instability. The distiuction here made will be appreciated by readers who 
have seen a demoustration of Reynolds original experiment with streams of color 
In eddying flow tbe stream of color is very rapidly diffused throughout the wbole' 
tube. Tbe turbulence in wind·tunnel I\ir streams corresponds to a wavering or 
fluctuation oC tb~ line of color, a turbulence of a different order of magnitude from 
that in tbe eddying flow and imposed from \vitbout. 
Some autbors make the distinction by using" dlsturbance" or "initial di.;turb-
nnee n where we use "turbulence," and jtnrbulent" where we use "eddYing," 
but we feel that the use of the word turbulence to describe the departures of wind-
tunnel air streams from uniformity and steadines., is well establisbed. Although the 
use Of "turbulence" in both cases does not in general cause confusion, we have 
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out an.d the flow becomes laminar, and an upper Rey-
nolds umber at which laminar flow changes to 
eddying flow. The value of I;he low Reynolds umber 
i approximately 2,000 ( chillers value i 2,320). The 
value of I;he upper R eynolds umber depends on . the 
amount of initial turbulence . The turbulence may 
enter the pipe in the body of the fluid or may be set up 
by the form of entrance. The highest value of the 
R eynolds umber at which laminar flow has been 
observed is 51,000 (Reference 14), although in mo t 
experiments value of the order of 12,000 are the highe t 
observed. The results are ummarized by Schiller a 
follows: 
(( The resull; of the present work, in which the critical 
R eynolds umber i a function or the 'greatest ' 
disturbance pre ent, gives the following picture of the 
stability relations of laminar and eddying flow in 
mooth tube. T o every Reynold umb I' above 
2,320 thero corresponds a quite definite amount of 
disturbanco which is required to produce eddying 
flow. The higher the Reynolds umber, the smaller 
is the necessary disturbance. Against till smaller 
disturbances, the laminar flow is stable. Below the 
lower critical R eynolds Jumber , R = 2,3 20, the laminar 
flow is stable again t any di turbance, howevor groat. 
Thero, no eddying tate of flow i po sible; vortices 
present will always disappear if given uflicient time." 
We hall a ume the re ults obtained for pipe to 
apply to the boundary layer , the thickness of the 
"boundary layer" in the pipe being the radiu of the 
pipe, and the speed at the outer edge of the boundary 
layer corro ponding to the speed at the centor of the 
pipe. ince in laminar flov,r in pipes, the peed at the 
center is twice the mean speod, the R eynolds umbel' 
formed from thickne of boundary layer and sp ed 
at tho outer edge correspond to the commonly u ed 
R eynolds umber for pipe formed from diameter and 
mean peed. We assume that there i a definite func-
tional relation between the Reynolds Jumber for 
tran ition and the initial turbulence.3 
SKIN FRICTION WITH EDDYING BOUNDARY LAYERS 
The kin friction on a plate when the flow in the 
boundary layer i eddying may be estimated by carry-
ing over the re ults of measurement of skin fri ction 
in pipes (R eferences 12 and 15). Experiments on 
eddying flow in pipes show that the force, Fa, per 
unit area of wall i given by 
U2 ( II )1/4 Fa = 0.045p 2Ur (12) 
where p is the density, U the speed at the center of 
the pipe, II the kinematic viscosity, and r the radius 
of the pipe. It is assumed that the same equation 
• chiller's experiments showed that the critical Reynolds Number was always tbe 
sallle for a turbulence produced in a given manner, although the measurement of 
turbulence was not quantitative. 
applies to kin friction on a plate with eddying flow 
in the boundary layer, if U is interpreted as the speed 
at the outer edge of the layer and r is replaced by 0, 
the thickne of the boundary layer. 
In eddying flow in pipes the speed, u, varies across 
the cro section according to the law 
( )
1/7 
u=U ¥ (13) 
where y is the distance from the wall of the pipe. 
Thi formula fit the experimental ob ervation very 
clo ely xcept very near the center of the pipe and very 
near the wall. By a uming the arne distribution of 
peed in an eddying boundary layer, replacing r by 0, 
and by u ing the Karman inteO'ral relation (5) together 
with the value of Fa from (12) ub tituted for 
- J.I. (1:)v-o which applied only to laminar flow, the 
thicknes , 0, of the boundary layer may be determined 
and Fa evaluated in a more useful form . We find 
16qdy = 16U [ 1-0J/]dY=.! Uo,l8 q2dy 
=1. '020 c!. r Sqdy=l.ud§+l.odU, d r8 q2dy 
36 ' dx J o dx dx dxJ o 
=2- U2do +2- Uo dU 
36 dx 1 dx 
and the integral relation becomes 
(14) 
The olution of thi equation is 
85 / 4 U1l5/28 = 0.3536 1I1 /41x U27/7 dx (15) 
For kin friction on a plate U = constant = Uo 
( )
1/6 
0= 0.371 it Xi/6 (16) 
and 
U2 ( II ) 1/6 Fa=0.0577 .PZ Ux (17) 
It hould be noted that Fa, the force per unit area, i a 
function of x. We are more interested in the average 
force per unit area, Fa, on a plate of length, l, namely 
i fal Fa dx which tuTU out to be 
Fa=O.072 p ~2(my /5 (18) 
The force coefficient, OF, is given by 
where R is the Reynolds Ul umber - · 
JI 
(19) 
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The experiment of Wiesel berger (ef. reference] 5) 
on skin friction indicate good aOTeement with formula 
(19), except that a better value of the constant i 
0.074. In the calculations made in this paper on 
eddying boundary layers, we shall u e. the formula 
O _ 0.074 p- RI/5 (20) 
SEPARATIO WITH EDDYING BOUNDARY LAYERS 
"hen the motion in the boundary layer b come 
eddying, the phenomenon of eparation i delayed. 
In eddyino- motion, there is a more thorolwh mLUug of 
the air particle and the driving action of the outer 
layer is greater. Thi delayed separation produced 
by the eddyinD" motion of the boundary layer i respon-
ible for the great variation of the drag coefficient of 
sphere and cylinders in the critical region. 
DEFINITION OF TURBULEN E 
Before it i possible to speak of the measurement 
of turbulence in wind tunnel, we mu t be ahle to give 
a precise definition. The definition I1dopted i a 
folio,,' : The turbulence at a given point i taken to 
be the ratio of the square root of the mean quare of 
the deviation of the peed from it mean value to the 
mean value. At any point in the wind stream, the 
peed fluctuate with time about a mean valu e. The 
turbulence i the mean fluctuation taken in a definite 
manner and expre ed a a percentage of the mean 
peed. A turbulence of 1 per cent mean an quiva-
lent sine wave fluctuation of ± 1.4 per cent from the 
mean value. 4 
The adoption of thi impl scalar quantity need 
ome ju tification ince in theoretical treatment of 
eddying motion it i found nece ary to separate the 
peed fluctuation into components. Experiment how 
that the mean speed is very nearly onstant over the 
greater part of the ero s section of wind-tunnel air 
streams. The shape of the distribution curve changes 
a. we go downstr am only in the vi inity of the walls. 
There are accordingly no force acting between adja-
cent layer in the core of the air tr am and we may 
a ume that the fluctuations of speed are entirely 
nmdom. In the neighborhood of the wall or close 
behind the honeycomb, this assumption is not true 
and the eparate components of the velocity fluctua-
tion as well a their phase relation must be con idered. 
To characterize the air stream of a wind tunnel, we 
need only to con ider the fluctuation of the n,b_olute 
value of the speed so long a we do Dot get do 0 enough 
to the honeycomb to be able to detect the honeycomb 
pattern in the distribution of mean peed. 
We need also to eli cuss the space di tribu tion of the 
turbulence for many inve tigators have uppo ed that 
• Tbis definition differs somewbat from tbat given in Reference 4. There, the 
double amplitude of the equh"alenL sine wave was given i. e. 2. . Values in Refer· 
ence 4 should be divided by 2.8 to be comparable with those given in tbe present 
paper. 
some space characteri tie of the turbulence wa the 
in1portant factor. It ha been sugge ted for example 
that the turbulence hould be characterized by the 
rfLtio o( the diameter of an average eddy to the model 
diameter, a quantity related per'hap to the ratio of 
the diameter of a cell o( the honeycomb to the model 
diameter. We find no evidence to upport thi id a. 
Experiment hows (I' (erence 4) that the turbulence i 
\' ery nearly constant acro the cro ection in the 
reD"ion wher the mean peed icon tant. It ha fmther 
been shown (reference 16) that turbulence may be 
intl'oduc d without effect so long as the turbulent air 
doe not reach the boundary layer at the urface of the 
model. Therefore unles the space di tribution of the 
tlll'bulence acro s the air stream is uch that large 
chanD"e take place in a di tance omparable with the 
thickne s of the boundary layer, we would not e},:pect 
the space di tribution to be an important factor. We 
expect the ob erved force to be governed by the turbu-
lence o( the air entering the boundary layer. 
The quare root of the mean quare deviation i 
chosen in tead of the mean deviation for convenience, 
since the final mea lll'ing in trument is a hot Wlre 
alternating current milliammeter which gives thi type 
of mean. 
DESCRIPTION OF WIND TUNNELS USED 
There are three wind tunnels at the Bureau of 
Standard , all of which were used in this investigation. 
ketcbe of the three tunnel are hown in Figure 2. 
The following brief descriptions will erve to supple-
ment the sketche . 
The 4}f-foot tunnel is of the .r ational Physical 
Labol'l1tory type, octagonal in cross section, the 4}~­
foot dimension being between oppo ite face. The 
faired entrance of the tunnel is auout 4 feet long, the 
parallel portion 25 feet long and the exit cone 15 feet 
long. The diameter at the propeller end i 9 feet. 
The tllllllel room is 6 .5 feet 10nD", 2 .3 f et wide, an i 
1 feet hiO'h, and is divided tran vel' ely near the exit 
end of tho tunnel by a wall honeycomb, on i ting of 
pa teboard tubes 1 inch in diameter and 4 inche long, 
packed in a light framework, which i covered on both 
side by wire netting. This open boneycomb trncture 
erve to damp out the swirl and eddie in the air 
stream as it return from the fan to the tunnel entr ance. 
A peed range of 25 to 110 feet per eeond is attained 
with the xpenditure of from '2 to 75 hoI' power. The 
propeller is f et 11 inches in diameter and is driven 
at speeds from 170 to 70 revolution per minute by a 
direct current shunt-wound motor. The tlmnel is of 
wooden const.ruction on a teol framework. 
The 3-foot tunnel i of the Venturi type, circular in 
cro ection. The entrance cone i 12 feet long, the 
working portion 6 feet long, and the exit cone 33 feet 
long. The diameter at the end of the exit cone and at 
the front of the entrance cone i 7 feet. The room i 
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103.5 feet long, 21.3 Ieet wide and 14 feet bigh. The 
honeycomb at the tunnel entrance is of one-qual' tel'-
inch wood, the cells being 3 by 3 by 12 inches long. A 
plaster fairing i used in the entrance cone; otherwise the 
tunnel is of wooden con truction throughout. The wall 
honeycomb i identical in type with that of the 4%-foot 
tunnel but i installed near the entrance end. peeds 
up to about 240 Ieet pel' second are obtained with a 
motor rated at 100 hoI' epower. Th prop lIer i 
.1-1 0====1\.; 
current motor. The maximum peed obtained 
approximately 100 Ieet per second. 
M EASUR EME T OF T RBULE. CE 
The measurement of turbulence a defined in a pre-
ceding ection wa made by the use of the hot wire 
anemometer in conjunction with an amplifier and 
apparatus for compensating fot' the lag of the hot wire. 
The early form and theory of the apparatus are given 
No.3 
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BUREAU OF STANDARDS 
WASHINGTON, D.C. 
FIGURE 2 
-bladed, and is rotated at speed up to 1,000 revolu-
tion per minute. 
The 10-foot wind tunnel i outdoor and i of wooden 
construction. The cro section is circular and the 
length of the tunnel proper is 92 feet. A faired entrance 
bell, 4 feet lono-, i followed by a wooden honeycomb, 
cells 4 by 4 by 12 inches long. The cylindrical ection 
is 50 feet long and the exit cone 34 feet long. The 
diameter at the exit end i 14 feet 2 mche. The 
4-bladed, 14-foot propeller i rotated at peed up to 
550 revolution per minute by It 200 hor epower direct-
90351-30--2 
in reference 4. ince that report was prepared, ev-
eral important modifications have been made in the 
interest of convenience, portability, and accuracy· 
The e modifications are treated in an appendix to this 
paper, which in itself forms a supplement to reference 4· 
A photograph of the amplifier and acce ory apparatus 
in it modified form is given in Figure 3. 
The turbulence wa mea ured at three ections of 
the 4}f-foot tunnel as indicated in Figure 2 and at the 
working ection of the 3-foot tunnel and lO-foot tunnel. 
The mean values obtained are given in Table 1. 
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TABLE I 
TurbuleDct> 
Location (per cent) 
3-foot tunnel, working section _________________________ 0.5 
lO-foot tunnel, working section ________________________ 1. 0 
4}4-foot tunnel, downstream section ____________________ 1. 2 
4}4-foot tunnel, working section ________________________ 1. 6 
4}4-foot tUJ?nel, upstream sectioD _______________________ 2.3 
Many repeat measurements show that the precision 
of the above values i of the order of 0.1 to 0.2. It i 
We have made test on three sphere, of diameters 4, 
5, and .6 inches, at the five locations at which the 
turbulence was measured, except that measurements 
were not made on the large sphere in the 3-foot wind 
tunnel because of the large ratio of the diameter of the 
sphere to the diameter of the tunnel. ketches of the 
su pen ion u ed are given in Figure 4 and the results 
of the measurements are given in Figures 5 and 6. 
FIGURE 3 
obvious that the effects of turbulence could be studied 
over a reasonable range of values . 
MEASUREMENTS ON SPHERES 
The effect of turbulence in wind-tunnel measure-
ments was first discovered for spheres and it has often 
been suggested that measurements on a sphere be 
used as a measure of turbulence. O. Flachsbart (refer-
ence 17) in a discussion of this proposal points out the 
necessity of some standard method of uspension, if 
comparable results are to be obtained. We have not 
u ed exactly the ame method of measuremen t through-
out our sphere te ts but Flachsbart's results for the 
suspensions used in our tests show that the differences 
introduced by this fact are small. 
The 4-inch sphere was mounted on two wires ar-
ranged in the form of a V in a plane transverse to the 
wind direction. The force was computed from the 
deflection of the sphere as a pendulum and the small 
wire corrections were determined by computation. 
ome experiments were made on the 5-inch sphere in 
the 4JHoot tunnel on a bell crank. Correction was 
made for the motion of the scale pan and the pindle 
correction was determined with the phere mounted 
in front of the spindle. We prefer as a standard 
method the arrangement u ed for the 5-inch sphere in 
the 3-foot and 10-foot tunnels and for the .6 sphere in 
all ca es, namely, a tail spindle supported by two 
V's with a shielded counterweight. In this arrange-
ment all wires are behincl the sphere. The force i 
- ----- -------~~----------.~----
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computed from the downstream deflection of the su -
pended system. The spindle correction is determined 
in the same manner, the sphere being detached and 
supported in front of the spindle. A compari on of 
Figures 5 and 6 shows a difference in hape which we 
have traced to an effect of the balance windshield. 
It will be noted that the curves run from right to left 
in order of increa.sing turbulence in accordance with 
the interpretation of Wieselsberger's measurement 
(reference 18) of the effect of creen. To u e the 
---. -
Mounting used on 8.6" 
spherethrouqhoufond 
on 5" sphere in wind 
tunnels 2 and 3 





Mounting used on 5" sphere in wind tunnel I 
Wind shield for arm not shown-> 
FIGURE 4.-Mountings used for the measurement of the air resistance o( spheres 
sphere as an instrument for the quantitative measure-
ment of turbulence, we must give some more precise 
definition of the critical Reynolds Number than ha 
hitherto been given. We suggest that the critical 
Reynolds umber be defined for this purpose as the 
value of the Reynolds umber at which the drag 
coefficient of the sphere is 0.3. For a given condition 
of turbulence the results for the different sphere give 
slightly different values of the critical Reynolds N um-
ber traceable in part to the differences in mounting, 
but the extreme difference is only 8 per cent and the 
mean difference much less. Adopting the mean values 
we obtain the values given in Table II. 
TABLE II 
'l'urbuJence Critical Reynolds (per cent) Number (or sphere 0.5 ____________ . ___ . ________________ 27~ 000 
1.0 _________________________________ 232, 000 
1.2 _________________________________ 19~ 000 
1.6 ___ ________________________ . _____ 164, 000 
2.3 ____________ ___ __________________ 132,000 
These re ults are plotted in Figure 7, which is a cali-
bration of the sphere as an in trument [or mea uring 
6-- - -- 3ft: tunnel, worhing section, turbulence 0.5% 
0- ---10" "," ", " /.0% 
0---- 4~ff. funnel, downstream section, " 1.2% 
X------4~" ",workingsection, "1.8% 
+---4}f" .. ,upstreomsection, " 2.3% 
.5 6 _ Poinfs for 4 inch sphere 




FIGURE S.- Drag coefficients (or 4" and 5" spheres. p=air density, U.=air 
speed, A=area o( cross section o( sphere=". ~" D=diameter o( sphere, v= 
kinematic viscosity 
turbulence. The circles show the approximate limits 
of individual values. The accuracy while not high is 
perhaps sufficient for most purpo es. 
O-'-IO ft: tunnel, working section, turbulence /.0% 
0--4~ ff. tunnel. downs/ream section," 1.2'7. 
X----- 4)1 " " ,working section, "1.6% 
.5 +_ --41/" .. upstream section "2.3% 
o .~ I ' , 
I -t-:l--.41--~1-,,"-1J.I-.• • --1, ---='. ""' .......... :-t"""--od'iJ,.-•• -+--t--t--t--t--t-+-1 
i---J.---l- ~ "~'" ~0 
.3 "~'" ~ t.~~-+---t---t--f-+--l 
CA 
f', ~, " " '\ . 
. 2r-~-+--+_-r~--+--+~~-r<~~~~~~~-+~ 
< 1' ....... "~ ...... '" 
0L-~5~.~O~~5~./~~5~.2~~5~.3~~5L.4~~5~.S~~5~.6~ 
U'o.J) Log,ov 
}"' IOURE 6.-Drag coefficients (or .6" sphere, p=air density, U.=air speed, 
A=area o( cro section of sphere = "'~" D=diameter o( sphere, v=kinematic 
viscosity 
DISCUSSION OF SPHERE MEASUREMENTS 
The interpretation of the sphere measurements in 
the light of the boundary layer theory is a follows. 
At low values of the Reynolds umber of the> sphere, 
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the flow in the boundary layer i laminar and epara-
tion takes place in a manner governed by the law of 
laminar flo\\,. A the R eynold Number of the sphere 
i incr a ed, the Reynolds Number formed from the 
thickness of the boundary layer and the peed a t the 
outer edge reache the "alue at whi h eddyinO' flow be-
gin at orne point upstream from the eparation poin . 
eparation i then delayed, the wake is malleI' and the 
form resi tance i decrea ed. The kin friction i uch 
a mall part of the total drag that the effect of the in-
creased kin friction due to the change from laminar to 
eddying flow i inappreciable. 
II the air tream is initially turbulent the change will 
ccur at a lower value of the Reynolds umb l' of the 
boundary layer and hence the critical Reynold um-
ber for the phcre will be rcdu ed by an amount which 
mcrea e with increa ing turbulence. 
vVe can not make the interpretation a quantitative 
one until more ati factory method are developed for 
3.--.---.---.--,---,---.--.---.---.--, 
~O~~---/~~---L--~m~~--~2~2--~--2~6~-L--3~O 
iTeyno/ds Number x /0-4 
FIG URE 7.-Cri t ical Heynolds ' umber o[ spheres (a t which CA (figs. 5 and 
6) is 0.3) as a [uuction of the turbulence 
tr ating the phQUomenon of eparation with eddying 
a well a laminar boundary layer. An appro rimate 
emiempirical treatment i given by Ono (ref'erence 19) 
but Tollmien (reference 20) que tion the legitimacy 
of the approximation used. 
MEASUREMENTS ON TREAMLI E BODIES 
Having obtained a very O'ood correlation between 
measurement on sphere and the turbulence a mea-
ured by our hot 'wire anemometer and a ociated appa-
ratus, experiments were begun on streamline bodie . 
The first model used wa a bomb model known a 
II- Q-12 which we had at hand. We were a tonished 
to find no lal'ge effect in view of the re ult on the 
. P. L. model in different wind tunnel , for we had 
expected that generally imilal' results would be 0 b-
tained on all tl'eamline bodie. The actual bomb 
model departed in everal apparently minor 1'e pect 
from a good streamline body and w therefore made a 
wooden replica without protuberances of any kind. 
The hape of thi replica is hown in Figure and the 
re ults of mea urement of the air force at the five 
mea uring tations are given in Figure 9. The e 
curve show certain systematic changes but practically 
all of the points are within 10 per cent of a mean curve. 
The force were mea ured by winging the model on 
four wire arranged in two V's from the nose and tail, 
mea uring the deflection at several wind speeds, th 
weight, and wire length, and computing the total drag 
of model and wire. The drag of the wires, amounting 
to about 75 per cent of the drag of the model, wa 
computed, since we have found thi procedme to give 
accurate re ults. To minimize errors due to the cor-
rection for the wires, we have u ed the arne wire at 
all station in the 4X-foo t tunnel and in the lO-foot 
tunnel. In the 10-foot tunnel, the model was hung 
from an auxiliary frame upported in the wind stream. 
0 .0125 ft. - <-
:.-+-----
0-0-/2 
Area of' cross-section 0.0873 ft..? 
Max . diameter 0.3330 ft. 
Length I 1.6470 ff. 
C ~ 
N.P.L. shari model 
Volume 0.038Sff.3 
(Volume)'/~ 0.2677 ft.2 
Lengfh 2.3340 fl. 
Max. diameter 0.3S0o ft. 









FIGURE .-Longitudinal sections o[ bodies o[ revolut ion on which force measure· 
ments were made 
Care must be taken in the interpretation of curves 
uch a are hown in Figure 9. The ob ervation are 
made under such condition that the forces and peed 
are ubject to errors of roughly con tant ab olute 
magnitude. The percentage error i therefore much 
greater at the lower peed. nder these condition 
a plot of coefficient may prove misleading unle one 
remember continually that the experimental error 
are different in different parts of the diagram. We 
estimate that the probable errors range from some 
13 per cen at a speed of 20 ft. /sec. to perhaps 2 or 3 
per cent at a speed of 100 ft./ ec. 
o conections have been applied for pressure drop, 
becau e we do not believe that the method of cor-
rection i as yet well established. We O'ive neverthe-
Ie s the data required for making the correction. 
Table III give the mean decrease in tatic pres ure per 
foot length divided by the velocity pre sure for the 
everal tations. 
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TABLE III 
Station Pressure drop 
3-fooL ______________________________ 0.007 
10-fooL _ _ __ _ _ _ _ __ _ _ _ _ _ __ __ _ _ _ __ _ _ ___ . 002 
47~-foot, downstream section _ _ _ _ _ _ _ _ _ _ _ . 0035 
47~-foot, working ection _______________ . 0075 
4%-foot, upstream ection __ _ _ _ _ _ _ _ _ _ _ _ _ . 0035 
The volume of II-Q-12 is approximately 0.077 
cubic foot and the area of cross ection, which is used 
in defining the drag coefficient for this model, i 0.0 72 
square foot. Hence the correction for pre sure drop 
applied in the usual manner to the coefficients of 
Figure 9 are to be found by multiplying the value 
of the pre sure drop given in Table III by 0~ OO;772 or 
0.885, giving 0.006, 0.002, 0.003, 0.007, 0.003 , or 
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40 SO 80 100 
Yo, ff./sec. 
420 630 840 1050 





FIGURE g.-Drag coeffi cien ts for II- Q- 12 wooden replica . p=air density, = U. 
air speed, A = area of cross section (maximnm section), Reynolds Number= 
U. l wbere I is the length of model, and " is the kinematic viscOSity 
v 
several stations. The application of these corrections 
would not change the conclu ion that the effect of 
turbulence is small compared with the magnitude of 
the discrepancies found between the r e ults on the 
. P. L. models in the several wind tunnels. 
It was obviously desirable to pass immediately to 
models which gave a larger drag coefficient in orne 
wind tunnel than in other and we accordingly con-
structed a wooden replica of the short airship model 
used in the N . P. L. comparative tests . The result 
of a large number of runs are shown in Figure 10. 
Although it is difficult to accurately measure the mall 
forces, there is clearly a very large difference between 
the measurements at the up tream and ,downstream 
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ection of the 54-inch wind tunnel. The variation 
may be attributable in part to a change in the charac-









6 - - -- .3 ft. funnel, working section, turbulence 0.57-
0- ---10 " " , " " , " 1.0% 
0--- 4/'fff. funnel. downstream section, " 1.2'7. 
x--- - --4f/2" ., ,worklngsecfion, " 1.6% 
+ - - - 4Y2 " " , upstream section, "2.3% 
x i \ + .. """"'"-:---, J.- J.<-- - 'f'" + 
• ' J. • x • rt\~ + x x 
)( II ,, ' 
~ ., X 
X ....... _ 
. 
~r _~- ; - J ,;1( x . 
II I~ : __ ' "', , . 1--' . 
'" 
~ .... -~~ ~x 0 o 8· p..0- 4~i. :!'" 1..--08 0 0 
o ~, l>:! o pI) ~S~' ~ -% "OoS' 
8' --8 ~ /2-0% 
20 40 SO 80 lOa 120 140 
u;, , ff/sec. 
293 586 880 1173 1465 1760 2053 
Reynolds Number x 10-3 
FIGU RE lO.- Drag coemcients for wooden replica of N. P. L . short model, p=air 
densiLy, U;=air speed, Reynolds Numbor= U.l where I is Lbe longth of tho 
v 
modol, and v is Lbe kinomatic viscosity 
of the model inasmuch as the tests covered a consider-
able period of time. T o exclude thi complication so 
far as possible, arrangements were made to use the 
U. J avy replicas of the . P. L. model . . Tho 
6-- - 3ft. tunnel. working section, furbulenceaS7. 
0- ·--10 " "," ", " I.O? 
0 ---4}?ff. tunnel, downsfreamsecflon," 1_27. 
x---- -- 4J1? " " ,workin9 secfion; '·1.57-
+---4~ " " , ups/ream section, " 2.37. 
.024~+-~~--+_-r-4--+_-r-4~_~-~_r~--+__r~ 
~ Cv • ---I-~ 




40 SO 80 100 
u;" ff./sec. 
S86 880 I 173 1465 
/Teynolds Number x 10-3 
120 140 
1760 2053 
FIG URE H.-Drag coefficients for metal replica of N. P. L . sbort model, p= air 
density, U.=air speed, Reynolds Number= U.l where I is tbe length of the 
v 
model, and v is the kinematic viscosity 
nominal dimensions of the models are given in Table IV 
and the form is shown in Figure 8. The results of 
mea urements of the drag are shown in Figures 11 
and 12, 
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6-- - 3 fI: lunnel, working sec/ion, furbulence 0.5% 
0----/0.. ..,.. ", • /.07-
0---4~ff. funne/. downsfrt:amsecfion, " 1.2% 
x-- ---- 4}2" .. , working section, .. /.6% 
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Uo, fl./sec. 
o 360 720 /080 1440 /800 2/60 2520 
Reynolds Number x 10-3 
FIGURE 12.- Drag coemcients for melal replica of K. P. L. long model, p=air 
density, U. =air speed , Reynolds Kumber= ~.I where I is the length of the 
model, and v is tbe kinemalic visco ity 
TABLE IV.-NOl\IINAL DIi\IEN ION' OF U. S. 





































Short model Long model I 
menn radius mean radius 
0 0 
0.462 0.459 
.650 . 655 
.800 .805 
.926 .927 
1.135 I. 128 
1.290 I. 282 
I. 425 1. 421 I 1.53 I. 533 
1. 635 1.632 
I. 720 J. 716 
J. 856 I. 853 







2. 101 2.100 
2.095 2.101 
2.054 2.100 
1.949 2. 100 
J. 771 2.097 
1. 555 2.065 










We may urn up the experimental re ults on the. 
effect of turbulence on th re istance of treamline 
models by aying that some model how small efrect , 
others show large effect, and that the large efl'eet are 
confined to a certain range of values of the turbulence. 
For example, the . P . L. model how .m all efrect 
if the turbulenc is Ie than abou t 1.3 per cent, largc 
effect if the turbulence i greater, the efrect of in-
crca ing turbulence being to increa e the l' sistence. 
We have then an explanation of the re ults of the 
American te t on the e modols. The old variable 
density tlmnel wa very turbulent a indicated by the 
low value of the critical Reynolds umber for phere 
(about 94,000, Of. reference 21 ). In agreement with 
thi indication, the measured drag of the airship models 
wa greatest in the variable den ity tunnel. (Refer-
ence 3.) At the other extreme, th lowest yalues of 
the mea ured drag of the airship model were obtained 
in the 3-foot and 10-foot wind tunnel of the Bureau of 
tandards, which have mall turbulence. In the new 
variable density wind tunnel the urbulence has b en 
greatly decreased (reference 23 ) and it would be ex-
ceedingly intere ting to determine whether the air hip 
models now give much lower draa coefficient . 
DISCUS ION OF MEASUREME T ON TREAMLI E 
BODIES 
The experimental results on airship model leave one 
in a very confused tate of mind a to the interpreta-
tion of model experiment on air hip hull and a to 
the explanation of the puzlIling feature that the effect 
are large only for ome model over a certain rang of 
values of the turbulence. We do not de ire to leave 
the ubject in thi state and w believe that the 
. boundary lay I' theory as we have outlined it will 
account for the ob erved fact. Beeau e we are 
handicapped by the ab ence of method of exact 
mathematical treatment, we can only give a di cu ion 
ba ed on rather crude mathematical approx'imation 
\vith the hope that the reader will obtain ome ug-
ge tion as to how the ob erved re ult may follow from 
the boundary layer theory . 
We fir t determined experimentally that the phenom-
enon of eparation doe not enter. Thi was done by 
pIa ing a thin film of oil on the urface and notino- that 
there wa no reaion of rever ed flow. 'I7V e therefore 
expect that the form re i tence will be mall. In fact, 
pre ure have been measured on a model which is 
ubstantially the . P. L. long model (reference 22) 
and it wa found that the form re i tance was prac-
tically zero. In other words, the observed re istance 
i due almost entirely to kin friction. We hall adopt 
thi as umption and attempt to calculate only the skin 
friction. 
We propo e to ompute the kin friction of the 
"equivalent flat plate," i. e. on a ection of a two-
dimensional plane urface, the width of the ection at 
a given di tance from the front edge b ing equal to 
the circumference of the model at the arne di tance 
from the no e of the model, and the peed at a given 
di tance from the front edge of the plate b ina the 
same a the peed eomputed by Bernoulli' theorem 
from th pressure di tribution at the arne distance 
from the no e of the model. We hall identify the 
kin friction on the equivalent plato with the resi tance 
of the mod 1. The following a umption are implied 
in the above procedure. 
1. 0 di tinction i made betw en di tance along 
the urface and di tance along the axi . 
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2. The cosine of the angle between any urface ele-
ment and the axi i taken equal to unity. 
3. The truckness of the boundary layer at a given 
point is a umed small compared with the radiu of 
cross section of the model at the arne point (obviously 
not true far back on the tail). 
4. The equations of two-dimensional flow are used. 
For the computation of the point at which the flow 
in the boundary layer change from laminar to eddy-
ing, and for the computation of the kin friction on 
the part of the surface for which the flow in the 
boundary layer i laminar, we u e the formula of 
equation 7 and 9. These are based on the use of a 
linear velocity distribution in the boundary layer and 
the integral relation of Karman. 
For the computation of the kin friction on the part 
of the surface for which the .fl ow in the boundary layer 
is eddying, we u e equation 20 together with an a ump-
tion made by Prandtl (Reference 15) in connection with 
skin friction on plate, namely, that the force i the 
same a if the flow wore eddying from the beginning. 
If tho flow were eddying from the beginning, the co-
efficient C2, for a surfaco of length l2 in a tream of 
speed Uo, would be given hy 
0.074 1 R Uolz 
cZ=-R ,/ Wlere 2 = -- ' 
2 6 11 
For a urface of length l1) the coefficient, Cl is given by 
0.074 h R UOl l 
cl= -R 'I. were 1= _ . 
1 II 
Hence in the fir t ca e, we may find the desu.'ed average 
coefficien t, c, for that part of the mface between II 
and l2 (both II and l2 being measured from the nose) 
by stating that the weighted average of CI and C must 
be Cz, or 
whence 
c2l 2 - Clll [1 -(~)"'J 
c = l - l = Cz l ' 
2 1 1 -..2 
l2 
(21) 
We add another to our formidable list of a umptions 
and approximation by not con idering the variation 
of the speed at the outer edge of the boundary layer 
in this computation, taking the wind tunnel speed, Uo, 
to compute C2. 
We are now prepared to compute the kin friction 
on the . P . L . long model for wind stream of differ-
ing amounts of turbulence in accordance with the ideas 
outlined in the ection on eddying boundary layer, 
namely, that to each degree of turbulence there corre-
sponds a different value of the critical Reynold um-
ber of the boundary layer for which the flow changes 
U from laminar to eddying. The value of U
o 
computed 
by Bernoulli's theorem from the pres ure distribution 
given in R eference 22 are shown in Figure 13 . We 
prefer to write equation (7) a 
(22) 
where 
1 rx (U)9 
K = (~)LO Jo Uo dx. (23 ) 
We no te that the Reynold I umber of the boundary 
layer, RB, i 
R6= UO = U / 12v K= -JUo U /12 K. (24 ) v v -y Uo Uo -y v 
/ 
lI/lfo j -/ 1.0 20 
I; --~ 
''''' 
V ~ .8 1.6 






.4 .8 1. 2 1.6 2.0 2.4 o 
x. fl. 
F IGU RE 13.-:;' ond( !f. )' for N. P . I,. long model co mpnted fr om pr ure 
distribntion of Heference 22 
Introducing R = Uo l, the Reynolds Number 5 of 
II 
model, where lithe 1· ngth of the model, we find 
the 
(25 ) 
Figure 13 shows a plot of (~y v x. The value of K 
was found by graphical integration as a function of x, 
and from the value of K , Ji as a function of x, which 
is plotted in Figure .14. Equation (9) for the laminar 
force coefficient may be wI'itten 
/-v- 1 rx ifo dx (26 ) 
CP= -y 3Uo x Jo -JK ' 
We shall eventually need the contribution to the force 
coefficient, Ou of the model defined in terms of (vol-
ume) %, for which purpose OF must be multiplied by 
the surface area, Ax, of the model from the nose to the 
I The reader shouJd note the use of the length of tbe model instead of (volume)J/3 
in the definition of R . It will be appreciated that the length gives" better basis of 
comparison. 
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point X, and divided by 
introduce the Reynolds 
and write 
(volume) %. As before, we 
umber of the general flow 
This quantity, which is to be divided by -./11 to give 
the laminar contribution to the total force coefficient, 
i plotted as a function of x in Figure 14. 
u 
OF-./R A" = II A" j'" Uo dx 
(Vol) % -Y3 x 0 -./K · 
(27) 
We next compute a table showing the laminar con-
tribution to the total force coefficient for varying R 
and x, a table howing the contribution of the surface 
between x and l for which the flow i eddying (com-
puted from Equation 21 by multiplying c by the sur-
face area and dividing by (volume) %) for varying 
R and x, and finally a table of computed total force 
coefficient (adding corre ponding entries in the fir t 
two tables) for varying Rand x. Parts of the e tabl s 
for the . P. L. long model are given in Tables V, VI, 
and VII. Table VII permits the easy calculation of 
the total drag coefficient, when the point at which the 
flow changes from laminar to eddying i Imown. If , 
for example, the change always occur at a ./Lxed point, 
values are taken from the horizontal line corre ponding 
to that point. 
5 ~ 10 
4 .,/ 
/ / 
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FIGURE 11.- ~ and (~~~ff' ../Rfor N. P. L.long model. R8 is Reynolds 
umber of boundary layer at a distance x from tho nose, R is the Rey· 
nolds Number of the body, C, is the average laminar coeffi cien t of fric' 





















As uming the change from laminar to eddying :flow 
to occur when the Reynold umber, R8, of the bound-
ary layer is equal to 1,500, 2,000, 2,500, 3,000, and 
3,500 we find x from Figure 14 and compute the curve 
hown in Figure 15. The computation for R 8 equal 
to 1,500 and 3,500 are hown in part in Table VIII. 
x - D.S' 
x=I.9' 
11 .OOIL-~LL~~LU~UU~LLLL~~~~LL~~UJ~~lill~~~~~~-L~~~~~~~~~~9~~J-~2 
105 2 3 4 5 6 789 /0 6 2 3 4 5 6 78910 7 2 3 4 5 6 78 108 
Reynolds Number, R 
FIGURE 15.-Computed drag coeffi cients for . P. L. long model [or flow changing from laminar to eddying under different conditions. pper line is for eddying 
flow throughout, lower line for laminar flow throughout. Tbe dotted lines are for transition at tho indicated distances from the no e. 'rhe curves are for t ransi-
b b d I . . d C Force . d ·t U· d R U.l b I' lion at the values of the Reynolds nmber, Ro, of t e Oun arr ayer IndIcate .-~ p (VoJ)'" U.,' p=alr ensl y, .=Blr spee. ---;- were IS 
the length of the model and v the kinematic viscosity 
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TABLE V.- LAMI NAR CO TRIBUTIO J TO TOTAL FORCE COEFFICIE T, . P. L. LO G MODEL 





0.0022 0.0015 0.0012 0.0011 0.0010 0.0009 0.0008 0.0008 0.0007 
. 15 --.-
--- ------- - -------------
. 0031 .0022 .001 .001 5 .0014 . 0013 .0012 .0011 .0010 
. 20 
-- ------------ -------------- . 
.0039 . 0028 .0022 .0019 .0017 .0016 .0015 . 0014 .0013 
. 30 
----- --------------------------. .0055 .0039 . 0032 .0028 .0025 .002:l _0021 .0020 .0019 
· 40 _______________________ ___________ 
.0070 .0050 . 0041 .00:55 .0031 .0029 .0027 .0025 .0023 
.50 
---------------------- --- -----_ .... 
.0084 .0060 .0049 .0012 .003 .0035 .0032 .0030 .0028 
. 60 ------ ---- .... _-_ .. _- -------- - ------ .0097 . 0069 .0056 .0048 . 0043 .0040 .0037 .0034 .0032 
.80 
----_. -- - ------ ----- ----- ... - ---- .0117 .0083 .0068 .0059 .0053 .004 .0044 .0042 .0039 
1.00 
-------------- - ------------- - ----
.0134 .0095 .007 . 0067 .0060 . 0055 .0051 .004 . 0045 
1.20 
-.---- - ------------------- -- --- .0150 . 0106 . 0086 .0075 . 0067 .0061 .0057 .0053 .0050 
1.40 
-----.------- --------------
.01G4 .0115 .0095 . 00 2 .0073 .0067 .0062 .00 .0055 
1.60 
-------------------------- -------
.0177 .0125 .0102 .0088 .0079 . 0072 .0067 .006-3 .0059 
1. 0 ......... -- ... ... ......... _ ... -_ ... -_ .................. ---- -_ ...... .01 . 0133 .0109 .0091 .0084 .0077 .0071 . 0067 .0062 
2.00 .0199 .0141 .0115 .0100 .0087 . 0081 .0075 .0071 .0067 
2. 60 ___ : ::::: ::: :::: :::::::::: ::~ : :::: .0220 .0156 .0127 .0110 . 0098 .0090 . 0083 .007 . 0073 
TABLE VI.- EDDYI G CO TRIBUTION TO TOTAL FORCE OEFFICIE JT, . P . L. LO 
'~ -I Speed, U., ft./sec __ ___ _____ _____ _ 
, . Heynolds umber, llx1Q-3 _____ _ 
0.10 _______________________________ _ 
· 15 _____________________________ __ __ _ 
· 2 ______ ____ ____________________ ____ _ 
. 3. ____ __ __ ______________ ___________ _ 
.4. _______________ __________________ _ 
.5 ___________________ ______________ _ 
. 6 ___ .. _______________ ______________ _ 
1. 0 _____________________ __________ __ _ 
1. 2 ______________________________ __ __ _ 
1. 4 ________________________________ _ 
1. 6 ____________________________ ______ _ 
1. ____________ ________________ ______ _ 
2.0 ________ ____________ ________ ______ _ 


























































0. 037 0.0359 
.0369 .0350 
.0360 .0342 
. 0342 .0326 
.0325 .0309 
.0306 .0291 
.0287 . 0273 
.0253 .0240 
.0219 .0207 
.01 5 .0176 





50 I 60 70 80 90 
900 1 0 1260 1440 1620 
-
0.0342 0.0329 0.0319 0.0309 0.0304 
.0334 .0320 .03l! .0302 .0297 
.0326 .0312 .0304 . 0294 . 0290 
.0311 .029 .0289 .0281 .0276 
. 0294 .0282 .0274 . 0265 . 0262 
.0278 .0266 .0259 .0251 .02-17 
. 0260 .0250 .0243 .0236 .0233 
.0229 .0219 .0213 .0207 .0203 
.019 .0190 .Ol 5 .0179 . 0176 
.0167 .0160 .0156 .0152- .0149 
.013 .0133 .0129 .0125 .0123 
. OLIO .0105 .0102 . 0100 .009 
.0083 .0079 .0077 .0074 .0073 
.005 .0055 .0054 .0052 .0051 




































. 0006 I 
TABLE VE.- TOTAL FORCE COEFFICIEr T FOR N. P . L. LO G MODEL, WITH FLOW CHA GJ G FROM 
LAMI AR TO EDDYI G AT POI T x 
Speed, Uo, It./sec ________ _____ __ _ 
Reynolds umber, RxlQ-' __ __ _ _ I z ft. 10 20 180 360 
0.10 ______ ____ ___ _____ __ ________ ______ 0.0494 0.0426 0.0390 
· 15 __________________ __ __________ ____ 
.0491 .0422 .03 7 
. 2 ____________ ________ _____ __ ___ _____ 
.04 9 .0419 .03 2 
· 3 _________ _______ __________ _____ ____ 
.04 .0411 . 0374 
· 4. ______ _______ __ ______ ______ _______ 
.0476 .0403 .0366 
.5 _____________ ________ ___ ________ ___ 
.0467 .0393 .0355 
.6 ___ 4 _____ • _____ _ _____ • __ __ _ • _ __ __ • 
.0456 .03 1 . 0343 
.8 ___ 
------.- - ---------- -------- -- --
.0433 .0351 .0321 1. 0 ___ 
-.---- . - -----------------------
.0407 .0333 . 0297 
1.2_ 
---- ------ - ---- -_.------._-- - ---
.03 0 .0307 .0271 1. 4. _______ _____ __ ___________ _________ 
.0355 . 0282 . 024 1. 6 ________________ ___________________ 
.0329 .0257 .0223 1. 8 ____ ___________________________ __ __ , 
. 0301 .0231 .0199 2.0 _____ __________ __ ____ ___________ ___ 
.027 .0210 . 0179 
~ 6 __ ~-- -- - - - --- -- ----- -- --- __ ______ 1 .0230 .0165 .0135 
TABLE VlII.-COl\lPUTED DRAG COEFFICIENTS, 
N. P. L. LO G MODEL, WITH CHANGE FROM LAMI-
1 TAR TO EDDYI G FLOW IN THE BOUNDARY 
LAYER DETERMINED BY R6= 1,500 AND 3,500 




R6 !:!. z I c. x C. 
.[R (Fig. 14) (Table 7) R (F ig. H) (Table 7) 
I -- --- - -----
90, 000 5. 00 2.60 0.0321 11. 65 --- --- - -- 0.0313 
180,000 3. 53 2. 00 . 0278 8. 25 - --- - --- - .0221 
360, 000 2.50 .95 . 0337 S. 2 --- 2~ 53-- .0157 540, 000 2.04 .75 . 0326 4.76 .0139 
720,000 1. 76 . 61 . 0320 4. 12 2.28 .0137 
900, 000 1. ,>8 . 52 .0314 3. 68 2.08 .0141 
1,080,000 1.44 .44 .0307 3.37 1. 9 .0147 
1,260,000 1.34 . 40 . 0301 3.12 1.50 .01 0 
1,440,000 1.25 . :16 .0294 2.91 1.20 .0205 
1, 620,000 I 1.1 .33 .0292 2.75 1. 07 .0214 
I, BOO, 000 1.12 .31 I .0287 2. 61 1.00 .0215 
0.0370 0.0352 0.0338 
.0365 .0348 . 0333 
.0361 .03'13 .03 
. 0354 . 0336 .0321 
.0344 .0325 .0311 
.0333 .0817 . 0301 
. 0321 .0303 . 0290 
.0299 .0282 .0267 
.0274 .02 .0245 
.0251 .0234 .0221 
.0227 .0211 .0200 
.0204 .0189 .0177 
.01 0 .0167 .0156 
.0159 .0147 .0136 


































































Figure 15 give a general survey of the computed 
coefficients over a wide range of R eynolds umber. 
The curve (traight line on the logarithmic plot) for 
completely laminar and completely eddying flow are 
hown as the limiting cases. In addition two dotted 
lines are drawn to show the curve that one obtains 
for the :flow changing at a definite po ition on the 
modeL The part of the curves for Reynolds umbers 
up to 2.5 X 106 that we have covered in our experi-
ments, is replotted in Figw'e 16 on a nonlogarithmic 
plot for direct compari on with the experimental 
results given in Figure 12. 
A compari on of Figures 12 and 16 show a general 
agreement in order of magnitude of the forces and in 
shape of the curves, except for the three lower curves 
---.- -~~-----
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of Figure 12 below 50 it./sec. In order to account for 
the observed shape of these curves and in view of other 
evidence that will be presented later, we have been led 
to the assumption that the flow soon becomes eddying 
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FIGURE 16.-Reproduction 01 a part 01 Figure 15 on a nonlogarithmic scale with 
additional curves {or transition {rom laminar to eddying Dow at specilled dis-
La nOOS Irom the nose 
exactly that the contraction of cross section introduces 
turbulence, producing the same effect a any upstream 
turbulence on the flow . We do not think it unrea on-
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point reaches 3,500 as indicated by intersection with 
the curve for R/j =3,500. We then follow the curve 
for Ro =3,500. A consideration of Figure 16 on which 
several curves tor different points of tran ition are 
dotted in will show how the experimental curves can 
be fitted by a proper choice of point of transition curve 
and Ra = constant curve. The transition from one 
curve to another is undoubtedly not as sharp a indi-
cated by thi simple analysis. 
There is one other feature of the curves of Figure 12 
not yet accounted for, namely, the fact that for turbu, 
lence below about 1.3 per cent, there is apparently no 
effect of turbulence. We believed at first that this was 
cau ed by the disturbance from the supporting wires 
at the nose introducing a turbulence of approximately 
1.3 per cent, 0 that although the turbulence of the 
air tream was reduced below this amount, the bound, 
ary layer was always subject to the approximately 
constant turbulence introduced by the wires. If this 
interpretation is correct we should be able to obtain 
lower coefficients in the 3-foot wind tunnel by elimi-
nating the disturbance at the nose. Figure 17 shows 
the results obtained by mounting the wooden replica 
of the . P. L . short model on a tail spindle similar 
to the sphere mounting (fig. 4), compared with results 
on the same model and tail spindle with the front V 
at the nose. The effect is no t large although the l'esul ts 
with the V at the no e are somewhat higher and scatter 
more than those with all wires behind the model. 
x- _LAI/ Lres ~ehfJd mJd.e/- o LoJ wfrel at lose -
• 
\ . . 
" 
. ~">< ... , 
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. x- , c- X-
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cumference and increased thickening of the 
boundary layer re ulting from the reduction 
in cross section of the body does not take 
place smoothly and uniformly; that there 
is a folding or wrinkling of the layer which 
produces disturbances of the same nature 
as the turbulence of the wind tunnel ail' 
stream. Let us trace through on Figure 
15 the consequences of such an assumption. 
We suppose for simplicity that at the point 
x= 1.9 feet which is some distance behind 
the maximum cross section, turbulence 
ari es which would cause a change from 
laminar to eddying flow at a Reynolds um-
ber of the boundary layer, Ra, of 2,000. 
We suppose further that the turbulence of 
the wind tunnel air stream corre ponds to .02~0 40 50 60 70 8 0 90 lOa /10 DO, ff.lsec. 120 130 140 150 160 
an R o of 3,500. Beginning at low values FIGURE 17.-Effect o{ nose suspension o{ the wooden replica o{ the N. P. L. short model and tail 
of the Reynolds umber of the body, i. e. spindle on the drag coefficient. The values are higher than those 01 Figure 10 because no corree 
tion is made {or the effect 01 the tail spind le 
at the extreme left, we have laminar flow 
throughout and follow the line of laminar flow . A 
soon as we strike the curve for Ra = 2,000, the flow 
become eddying on a part of the tail and we follow 
the curve for Ro = 2,000 (the point of transition moving 
forward) until we reach the line corre ponding to the 
point of transition, x = 1. 9, the lower of the dotted lines. 
The point of transition then remains stationary, and 
we follow the dotted line for x = 1. 9 until Ro at this 
The other possible explanation are of the same 
nature, for example, that turbulence is set up 
by the fore-and, aft oscillation of the model, or as 
van del' Hegge,Zijnen has suggested (reference 11) 
that some turbulence is set up by the form of the 
nose. We have not as yet examined these possi-
bilities, and must leave the matter open at the present 
time. 
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Calculations similar to those 0 u tlined for the N. P. L. 
long model were made for the hort model and for 
II-Q-12, the pressure distribution being obtained 
experimentally in the 3-foot wind tunnel. It is 
unnecessary to give these computations in detail. It 
was found that curves very similar to those of Figure 
15 with just as much spread were obtained. This 
result, not in accordance with the experimental results 
on II-Q-12 (fig. 9), showed that the nature of the 
pressure distribution could not account for the small 
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FIGURE I.-Drag coefficient for wooden replica of N. P. L. short model 
with wire rings 0.23 foot aft of nose. Figures on the curves give the 
diaIIleter of the wire used to make the ring 
some other explanation and were led finally to the 
hypothesis already referred to, that the turbulence wa 
introduced by the diminishing cross section of the body. 
The distinguishing feature of II-Q-12 cau ing it to be 
much less sensitive to changes of turbulence wa seen 
to be the very forward position of the maATInUm cross 
section. Referring to Figure 16, for example, if at 
x=0.5, corresponding to the upper dotted line, turbu-
lence is introduced giving an R6 of 1,500, all of the 
observations must lie between the curve R6 = 1,500, the 
dotted line, and the upper line for completely eddying 
flow. 
To obtain some further evidence that the diminution 
of the cross section introduced turbulence, experiments 
were made in which wire rings were placed around the 
model at several po itions. The theory of these experi-
ments is that if the wire is placed in a region where the 
flow is already eddying, the effect on the resistance of 
the model will be small, whereas if the wll'e is placed 
in a region where the flow is laminar, turbulence will 
be introduced and the resistance will be sensibly in-
creased. Wires of different diameters produce differ-
ent degrees of turbulence and even when the wire is 
placed in a region of eddying flow, there will be a slow 
increase of resi tance with increasing diameter of the 
wire due to the resistance of the wire itself. Returning 
to Figure 15, uppose a wire placed at x=0.5 foot of 
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FIGURE 19.-Drag coefficient for wooden replica of N. P. L. short modol 
with wire rings 1.12 feet aft 01 nose 
to R~ = 2,500. Suppose further that the turbulence of 
the wind tunnel corresponds to Ro = 3,500 and that at 
x = 1. 9 feet, owing to the dimini hing cross section, a 
turbulence corresponding to Eo = 1,500 is introduced. 
The re istance coefficient would follow the curve Ro = 
1,500 to its inter ection with the curve for tran ition at 
1.9, follow the latter to its intersection with Ro = 2,500, 
follow R o = 2,500 to its intersection with the curve for 
transition at x= 0.5, follow this curve to its intersec-
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FIGURE 20.- Drag coefficient (or wooden replica o( . P. L short model 
with wire rings 1.63 leet aft of nose 
R eynolds umbers covered by our experiments do not 
permit the tracing of the last two stages. 
orne results for the wooden replica of the . P. L. 
short model are given in Figures 18, 19, 20, and 21. 
Figure 18 hows that rings on the no e give curves 
similar to those obtained in wind tunnels of difl'erent 
degrees of turbulence. Figures 19 and 20 show that 
wire rings behind the maximum cros section give rela-
tively small effects. The cro plot of coefficient 
against wire diameter Ior a speed oI 0 It. /sec. shown 
in Figure 21 shows the matter somewhat more clearly. 
The sharp rise in the curve for .r = 0.23 foot is inter-
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preted a due to tho effect of the turbulence set up by 
the wire. The slower rise i attributed to the increa -
ing re istance of the wire itself. 
Figures 22, 23, and 24 give the results of imilar 




FIGURE Zl.-Drag coefficient {or wooden replica o{ N. P. L. short model 
at an air speed of 0 ft. /sec. with wire rings of varying diameter and 
position On tbe model. x=distance o{ ring aft of nose 
wire ring behind the maximum diameter i small and 
tho ofl'ect of no e rings is imilar to tbe eIl'ect of in-
crea ing wind tunnel turblllonc . 
Tho u e of wire rings ha b en ugge ted for rou tine 
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FIGUnE n.- Drag coemcient {or wooden replica o{ ll-Q-1Z model with 
wire rings 0.164 foot aft of nose 
flow such as exi ts at high R eynolds Jumbers. We 
may tate the following conchl ion a to th i pro-
cedure. A wiro approximately 0.015 incb in diameter 
i required to give the full eHect of a very turbulent 
airstream. The wire hould be placed well forward 
on the model, but probably not 0 far forward a to be 
in the region of reduced speed. ( ot Ie than 0.2 foot 
from the nose on the N. P. L. long model, for example. 
ee Figure 13. ) The wire hould have relatively little 
effect in an air stream that is already turbulent. 
In clo ing this di Cli sion of re ults on streamline 
bodies, we wi h to exhibit a et of curve, Figures 25, 
26, and 27, computed by the method previouslyout-
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FIG URE 23.-Drag coefficien t for wooden replica of rr- Q- lZ model with 
wire rings 0.97 foot aft of nose 
in compari on with the experimentally mea ured curve 
We have adopted for each model a point at which we 
as ume turbulence to be introduced by the dimini b-
ing cross section, and for each station a value of Ro 
characteri tic of the turbulence there pre ent. W (' 
m.ay remark that the value of Ro are not inconsi ten i 
with tho e fOlmd in flow in pipe . The speed ob-
tained from the pre ure di tribution are undoubtedly 
of reasonable accuracy, but the a umption of a lineal' 
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FIGURE 24.-Drag coefficient for wooden replica o{ II-Q- 12 model at an 
air speed of 0 ft.jsec. witb wire riugs or varying diameter and position 
on the model. x=distance of ring aft of nose 
distribution in the boundary layer give too mall a 
thickne s. In the case of kin friction on plates, eq ua-
tion (1 0) shows that thi approximation give a thick-
ness only 63 per cent of the value obtained by the pre-
ci e computation. Hence, in t ad of 2,320 a the low 
valueof the Reynold Number, ';vehave a smaller value. 
The e eurves should not be taken too eriol! ly, al-
though the aO'reement is b tter than co ulclreasonably 
be expected. The a umption of discontinuous change 
in the type of flow, the omi sion of th form resi cance 
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FlOURE 25.-Comparisoo 01 computed and observed drag coeJlicients 00 '. P. L. short model 
Curves U , 4 ~!i· loot tunnel, upstream sect ton, R5 [or tran ttion a snmed=1,25O. 
Curves K , 4~!i·fooi tunnel, working section, R/j for transition assumod=2,000. 
Curves 0 , 4y.!·foot tunnel, downstream section, R/j for tran ition assumed =2,750. 
Turbulence due to diminishing cross section assumed introduced atx=J.4 feet. 
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1'10 RE 26.-Comparison of computed and observed drag coefficienis on N. P. L. long model 
Curves U , 4l-!i·loot iunnel, upstream section, R/j lor transition assumed = 1,25O. 
Curves K , 4l-!i·loot tunnel, working section, R5 [or transition assumed =2,000. 
Curves 0 , 4l-!i·foot tunnel, downstream section, R/j for transition assumed = 2,750. 
Turbulence due to diminishing cross section assumed introduced at x=1.7 feet. 
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that may be present to some extent, and the crude 
approximations that have been made ttre not intended 
to be accurate pictures of the actual phenomena, which 
are extremely complicated. We hope that the discus-
sion has been suggestive and we believe that the major 
features are in some degree correct. 
REMARKS ON AIRFOILS 
The aeronautical engineer will naturally ask why 
no experiments were made on airfoil. The reason is 
threefold. First, experiments in the ame wind tun-
nels showing large effects on airship models showed 
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are to be expected with the scale effect curve showing 
a minimum followed by a region of increasing coeffi-
cient. Further, since separation is delayed by in-
creased turbulence, a somewhat smaller maximum lift 
coefficient may be expected in the new variable den-
sity tunnel. We do not know whether any such 
effects have actually been found. It may prove that 
they are entirely negligible. 
CONCLUSIO 
STATUS OF WIND TU NEL STANDARDIZATION 
It will now be appreciated that wind tunnels can not 
be standardized in the sen e originally intended. It 
is not possible to determine one or more correc-
tion factors by means of which results on a new 
model may be corrected to be comparable with 
the results of some standard tunnel. It is pos-
sible, we think, to assign a characteristic number 
to each t.unnel, such that wind tunnels having 
the same characteri tic number will give compar-
able results. This characteristic number will be 
the measured turbulence or, more conveniently, 
the Reynold J umber for which the sphere drag 
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The only real standardization that could be 
made would be accomplished by in i ting that 
all wind tunnels be constructed so as to have the 
same turbulence. trange to say there is some 






bulence. It appears to us self-evident from the 
scientific point of view that the ideal is zero tur-
bulence. But the practical engineer replies that 
the curves of Figure 15 for a tunnel of mall tur-
bulence can not be extrapolated from the usual 
120 modell'ange to give tho value at a high R eynolds 
umber, whereas the curves for very t1.ll'bulent FIGURE 27.- Comparison oC computed aud observed clrag coeffi cients on wooden replica oC 
20 80 40 100 
II- Q- 12 model wind tunnels can, at least approximately. Ex-
Curves U. 4jOl-foot t unnel, upstream section, E o for transition assumed=1,250. pressed physically, the flow about the model in a 
Curves K. 4jOl-foot tun nel, working section, Eo for t ransition assurned=2,OOO. turbulent wind tunnel at low Reynolds umbers 
Curves D . Hi-foot tunnel, downstrea m section, R o Cor t ransit ion assumed =2,750. is more like the flow about the model at high 
T urbulence due to dimin ishing cros~ section assumed introdu ced at x= O.5 Coot. Reynolds umbers in a nonturbulent stream 
discussion on airship models, it will be seen that small than is the flow in a nonturbulent tunnel at low 
effects are to be expected in an ordinary wind tunnel. Reynold umber . One answer i a variable den-
While Figure 15 was computed for the . P. L . long sity tunnel of low turbulence. Another, less sati-
model, curves of the same general nature were found factory, is the judiciou use of wire rings on the model 
for other models for which the pressure distribution to stimulate artificial turbulence, a controllable proc-
curves differed considerably. For airfoil the Rey- ess in the nonturbulent wind tunnel as compared to 
nolds Number are small because of the short length. the use of the turbulent wind tunnel, in which the 
Furtherm~re the skin frict~on is only.a part. of the to~al turbulence can not readily be reduced . 
d.rag .. ~hltd, the exp enm en tal ?ifficultles of dlS- We conclude by stating that turbulence is a variable 
t:ngUlShin~ sm~ll effects when ~estmg a~ sev~ral loca- of some importance at all times and that the carefUl 
tlOns and ill wmd tunnels of different lze Wlth port- experimenter will desire to measure and state its valu e 
able balances are very great. It may be ex~ected, in order that his experiments may be capable of 
however, that at larger Reynolds umbers, for ex- interpretation. 
ample, those obtained in the variable density wind 
ACKNOWLEDGMENT tunnel, the effects of turbulence might be distinguished. 
The general nature of the effect is easily predicted. 
We might expect first to find differences in the mini-
mum drag coefficient.. In the new variable density 
tunnel, which has less turbulence, lower coefficients 
We wish to aclmowledge the assistance of our col-
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APPENDIX 
MODIFICATIONS OF APPARATUS FOR MEASURING 
TURBULENCE 
ince the publication of Technical Report 320, the 
apparatus there described for the measurement of 
turbulence ha undergone several important modifica-
tions, which we wi h to describe. We have called 
attention in Technical Report 320 to the fact that the 
calibration of the hot-wire anemometer was very 
un table, the calibration often changing 0 much 
during the cour e of an afternoon that all ob erva-
tjon had to be dj carded. We now believe that a 
large part of the in tability was due to the use of soft 
solder for attaching the wire to its holder. We believe 
that the wire was held mechanically without intimate 
contact so that contact differences of potential 'were 
always present. At any rate we find a spot welding 
method used by our atomic physics ection much more 
satisfactory in that the changes in calibration of the 
wire with time are very markedly reduced. The spot 
welding is done by holding the wire against its steel 
support by a copper electrodo and momentarily po. ing 
the short circuit current of a stepdown transformer 
(llO-volt primary, 11 to 1 ratio, 1 Kva rating) through 
the electrode and support. The tapping of a key in 
the primary circuit sends a rush of current through the 
contact between copper and steol which develops a 
temperature great enough to melt a little iron around 
the platinum wire. The copper electrode does not 
melt and stick to the 'wire because of its greater heat 
conducti ity. 
The econd modification introduced i the u e of a 
12-volt heating battery in tead of the 120-volt battery 
line, an ab olutely e ential modification if the appa-
ratus is to be at all portable. The effect of this change 
is to make the fluctuation of the heating current during 
the speed fluctuations of appreciable magnitude 0 
that the calibration curve for constant heating cur-
rent can no longer be applied directly. It i neces-
sary to modify the method of computing the speed 
fluctuation from the observed voltage fluctuation. As 
we are most interested in small fluctuations such as 
occur in wind-tunnel air streams in the absence of a 
model, we may con idel' the calibration curve linear 
over the interval in que tion and u e the process of 
differentiation. The calibration curve of the wire 
according to equation (3) of T echnical Report 320 is 
where Ro is the re istance of the wire at room tempera-
ture, R is the resi tance of the wire when heated in 
an air tream of peed, Uo, by a cUlTent, i, a is the tem-
perature coefficient of re istance, and K and a are 
con tants. Differentiating thi expression, permittino-
i and R to vary, we have 
2i R Ro ad' _ i2 R02 a dR = ad Uo 
R - Ro ~ (R -Ro)2 2...jUo 
To connect di and dR, we have the relation 
12 =i (R+r) 
where 12 is the battery volt age and r is the resistance 
of the heating circuit, excluding that of the wire. 
Hence 
d' - i dR - i2 dR ~=R +l' = 12 
and wennd n sub titution, setting idE = dE, the 
mea m ed voltage fluctuation, an approximation which 
is very close: 
dUo= _ _ 2_ [ i R 02 a +.!.i2 R R~aJ dE 
Uo a Uo (R -Ro)2 6 R - Ro . 
The second term in the bracket represents the corr c-
tion for the variation of the current. 
A typical run at the working section i given in 
T bl IX a . b . d f h 1 f i2 R Ro a. a e . IS 0 tame rom t e pot 0 R _ Ro vs 
..jUo (not hown) as 0.000151. All computation are 
made by slide rule with sufficient accuracy. I t i 
seen that the correction for the current variation IS 
from 5 to 15 per cent. 
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TABLE IX.-METHOD OF OMPUTING PEED FLUCTUATIO FROM VOLTAGE FLUCTUATIO 
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29.0 4.90 1. 432 7.16 6.633 2. 3 0.0001922 0.001274 0.001250 0.001462 0.395 0.00411 0.0162 
30.2 5.50 1.366 6.83 6.303 2.553 2172 1369 J596 J24 .139 350 
I 
. OJ 54 
37.0 6.0 1. 315 6.575 6.048 2.298 2414 1460 1970 2213 .4 3 316 .0153 
45.4 6.73 1. 267 6.335 5. 0 2. 058 2696 1566 2453 2714 .534 296 . 01 58 
52.4 7.23 1. 240 6.20 5.673 1.923 2883 1635 2812 3084 .565 286 .0162 
61. 4 7. I. 214 6.07 5.543 1. 793 3094 1715 3230 3516 .595 253 .0151 
67.2 
. 20 1. 195 I 5. 975 5. 44 1. 69 3267 1779 3607 3903 .631 243 . 0153 






D =- iRo2a: 
(R-Ro) , 
1 , 
F~~ (.D+~ n) 
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The third modification i the u e of a resi tance- 1 
ondenser-coupled amplifier in tead of the direct 
current amplifier. With the direct current amplifier 
considerable difficulty wa xperienced from drift and 
con equent change of amplification factor owing 
to op ration at differen t point on the tube character-
istic curve. By u ing very large conden er as 
coupling conden er , it i po ible to pa very low 
frequencie. We have used hio-h grade mica con-
den er , each condenser having a capacity of 2 micro-
farad. In conjunction with 1 megohm grid leak , 
the time constant of the coupling circuit i 2 econd. 
We hall state without proof that the computed error 
for a frequency of 1 cycle per ecolld are of the order 
of 1 p l' cent in amplitude and 5° in pha e. 
The operation of thi amplifier ha been fOlmd very 
atisfactory. Adju tments are requir d infrequently 
and the mea ured amplification factor remains con tant 
for long period. It i of cour e nece sary to use 
alternating current for measuring the amplification. 
We have b en able to use a ingle rever ing commu-
tator by replacing he inductance of the compen-
sating circuit by an equivalent resistance. The 
ame alternating urrent instrument may thon be 
u ed in the potentiometer circuit and in the output 
circuit 0 that the errors due to the rectangular wave 
hape are mall. 
One feature of the amplifier which i occa ion ally 
trouble om i the fairly long time required for the 
effect of transient disturbance to di appear, i. e. the 
effect of adju tments, of a gu t of wind in the outdoor 
tunnel or of a variation in the line voltage. It is 
only on rare occasions that the tran ien tare 0 fre-
quent that measurements arc not possible. 
We may tate again the frequency range co ered. 
The lower limit for errors of the order of 1 per cent j 
about 1 cy Ie per econd. The upper limit i fixed by 
the functioning of the compen ating circuit and i 
about 100 cycle per econd. "hile ven at 500 
cycle per econd the error computed from the theory 
of the compen ating circuit ar not laro-e, the effect 
of the di tributed capacity of the large inductance in 
the compen ating circuit onter to increa e the orror 
and we therofore stfLte the u eful froquency range as 
1 to 100 cycle per econd. 
The fourth modification of our apparatu i the im-
plification of the acce sory circuits and of the general 
arrangem nt. Figure 2 hows the wiring diagram 
of the modified arrangement. A photograph ha 
already been given in Figure 3. We have made u 0 of 
jack and pillo- to implify the witching arrano-o-
ments. Beginning at the upper riO"ht-hand corner of 
the wirino- diagram (fig. 2 ) we have a tandard coll 
connected to an open jack. To th left of this circuit 
i the hoating circuit. Potential lead from Lho wiro 
and from the manganin resi tance u ed for aCClll'ate 
mea urement of the heating current are taken to 
open jacks. To the left of the heating circuit i the 
potentiometer circuit, the balancing ircuit of which 
end in a plug. The potentiometer plug may be placed 
in the standard ell jack to measure the voltage of the 
potentiometer battery ; in the hot-wire jack to mea ure 
the mean vol age drop aero the wire ; into the eurrent-
measuring jack for determination f the heating cur-
rent; or into the input jack of the amplifier to alibrate 
. the amplifier. The circuit consi ting of two plugs and 
a clo ed jack at the extreme left is u ed to pa s on the 
voltage Ductuations to the amplifier. After the mean 
voltage drop ha been balanced by pluggino- the poten-
tiometer into the hot-wire jack, the potentiometer 
plug is withdrawn and placed in h jack of the auxil-
iary circuit. One plug of the auxiliary circuit i placed 
in tho hot-wire jack, tho thor int the inpu t jack of 
Lhe amplifier. Tho conne tions are so arrano-ed that 
only the fluctuation of the voltage abou t the mean 
value are impres cd on the amplifier. 
l 
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The amplifier circuit is shown below the accessory 
circuits in Figure 2. Attention i called only to the 
special feature, namely, the use of separate A and B 
batteries for the power stage, the subdivi ion of the 
plate resistance in the fir t stage for varying the ampli-
fication by a factor of one-foUTth, one-half, or three-
fourths, and the special compen ating circuit. All 
of these featUTes are discussed in Technical Report 320. 
There are omitted from the wiring diagram several 
battery switches, jacks in each plate circuit by means 
of which plate current may be checked and stages 
omitted to reduce the amplification, the plugs and 
jacks between the compensating inductance and the 
amplifier and between the milliammeter in the out-
put circuit and the amplifier, and a switch for removing 
the inductance during calibration of the amplifier. 
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Fro URE 28.-Wiring diagram of modified amplifier and accessory circuits 
We b lieve that with these modifications results are 
more accurate, and we know that operation i more 
convenient. While Table IX hows a variation from 
dUo the mean value of U
o
o of only 0.0006, w have ob-
served larger differences and for the pI' sent can not 
guarantee values to better than 0.002 a pl'eviou ly 
stated. 
BUREAU OF TANDARDS, 
WASHI GTON, D. O. August 20,1929. 
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LIST OF SYMBOLS 
u = tangential component of the velocity of the 
fluid at !lny point in the boundary layer. 
v= normal component of the velocity of the fluid 
at any point in the boundary layer. 
U = speed of the fluid at the outer edge of the 
boundary layer. 
Uo=speed of the fluid at a great distance, i. e. , the 
wind tunnel speed. 
q= U-u=speed of the fluid at any point in the 
boundary layer relative to the speed at the 
outer edge. 
x = di tance measured from the leading edge or 
nose along the surface in a plane parallel to 
the wind direction. 
y = distance measured normal to the udace. 
o = thickness of boundary layer. 
r=radius. 
D = diame tel'. 
l = overalllength of body. 
7T" D2. f t' t I A=-4-=maxunum area a cross sec lOn a~ennor-
mal to the wind direction. 
A", = total urface area from the nose to a distance 
x from the nose. 
F", = force per unit breadth across the stream. 
Fa = force per unit area at any point. 
Fa=average force per unit arca. 
p = static pres ure. 
P = density of the fluid. 
O Force 
A ~ P AU02 
fJ, = viscosity of the fluid. 
v=fJ,/p = Kinematic vi cosity. 
R = Uol = Reynolds umber of the general :flow. 
v 
UO . Ro = - = Reynolds umbel' of the boundary layer. 
v 
O F", Fa f ffi' t b d F = 1 U. 2 or ~u. 2 = orce coe ' clen ase on 
"2P oX "2P 0 
area. 
Force . d 
OV=1/2 P (Vol)2(J Uo~=force coeffiClent base on 
volume. 
CI, Cz = force coefficients for skin friction on flat plate 
of lengths II and l2 in turbulent flow. 
e = force coefficient for skin friction on that part of 
thc surface of a plate of length l2 (the overall 
lcngth of the plate) between X=ll and thc 
rear edge. 
K~ cg,rf Cg)' dx 
1 = f~ U9 dx 
Appendix 
Ro = re istance of wire anemometer at room tempera-
ture. 
R = resi tance of wire anemometer when heated by a 
current, i, in a stream of speed, Uo. 
i=heating current. 
a = temperature coefficient of resistance. 
r= resistance of the heating circuit excluding that 
of the wire. 
E =voltage drop acro s the wire and leads. 
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Posith'e directions of axes and angles (forces and moments) are shown by arrows 
Axis I IVl oment about axis Angle Velocities Force 
(parallel Linear 
Sym- to axis) De-igna- Sym- Positive Designa- vm- (compo-Designation bol symbol tion bol d irection tion Gal nent along Angular 
axis) 
, 
LongitudinaL __ I X X rolling ______ L y---. Z rolL _____ <I> u p 
I 
LateraL _______ 1 Y Y pitching ____ M Z---.X pitch _____ 8 v q 
NormaL ______ Z Z yawing _____ N X---.Y yaw _____ '1t w T 
Absolute coefficients of moment Angle of set of con trol surface (relative to neu-
tral position), o. (Indicate urface by proper 
subscript.) 
L 31 
GL = qbS GjJf= qcS 
D, Diameter. 
Pe, EfTective pitch. 
Po, Mean geometric pitch. 
p., Standard pitch. 
Pv, Zero thrust. 
Pa, Zero torque. 
p/D, Pitch ratio. 
V', Inflow velocity. 
V., Slip stream velocity. 
N C'r.=-qfS 




(If "coefficients» are introduced aU 
uni ts used must be consi tent.) 
1] , Efficiency=T VIP. 
n, R evolutions per sec., r. p. s. 
N, Revolutions pOI' minute, r . p. m. 
<P , Effective helix angle = tan-1 (27r~~n) 
5. NUM ERICAL RELATIONS 
1 hp = 76.04 kg/m/s = 550 Ib./ft./sec. 
1 kg/m/s=0.OI315 hp 
1 lb. = 0.4535924277 kg 
1 kg=2.2046224 lb . 
1 mi./hr. =0.44704 m/s 
1 m/s=2.23693 mi./hr. 
1 mi. = 1609.35 m = 5280 ft. 
1 m = 3.280 333 ft. 

